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1. Introduction  
Tumor surgeons integrate preoperative two-dimensional images and mentally formulate 
three-dimensional surgical plans of resection and reconstruction. The surgical procedure 
aims to remove tumors with clear surgical margins, while critical anatomical structures not 
infiltrated by tumor can be preserved. This will be particularly difficult in complex areas 
such as pelvis, sacrum, or when joint-saving intercalated resection is contemplated, or when 
custom-made prosthesis is used for reconstruction. Incorporating computer technology to 
aid in this surgical planning and executing the intended resection may improve precision 
and consequently clinical results in musculoskeletal tumor surgery. 
Although primarily developed for neurosurgical applications, computer-assisted 
intraoperative navigation has gained acceptance and has been used effectively in 
orthopaedic trauma, spinal procedures and joint replacement surgery (Anderson KC et al., 
20005; Gebhard F et al., 2004; Grutzner PA et al., 2004; Laine T et al., 2000; Wixson RL et al., 
2005). An extended application of computer navigation assisted resection in pelvic and 
sacral tumors was first described in 2004 (Hüfner T et al., 2004; Krettek C et al., 2004). 
Computer-assisted navigation system could facilitate tumors resection and also 
reconstruction with custom prostheses (Cho HS et al., 2008; Cho HS et al., 2009; Kim JH et 
al., 2010; Reijnders K et al., 2007; Wong KC et al., 2007; Wong KC et al., 2007; Wong KC et al., 
2008), joint sparing limb salvage surgery (Cho HS et al., 2009; Wong KC et al., 2007; Wong 
KC et al., 2008). The technique of fusing computed tomography (CT) and magnetic 
resonance images (MRI) was reported. The fusion image, when combined with surgical 
navigation, helps surgeons reproduce a preoperative plan reliably and may offer substantial 
clinical benefits in musculoskeletal tumor surgery (Wong KC et al., 2008). The current study 
represents the continuation of previous publications (Wong KC et al., 2007; Wong KC et al., 
2008), which were preliminary reports of the techniques. The number of cases has increased 
from 13 to 22, and the average follow-up of all patients increased from 9.5 months to 32.5 
months. This article is to provide more patients with longer follow-up to better assess the 
advantages and potential pitfalls of using the technique in musculoskeletal oncology. 
Surgeons had not yet incorporated this computer technology into their routine 
musculoskeletal bone tumors operation. We therefore investigate the results of image fusion 
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for Computer-Assisted Tumor Surgery (CATS) in musculoskeletal oncology with the help of 
a navigation system. 
2. Methods 
We studied 21 patients with 22 musculoskeletal tumors who underwent CATS from March 
2006 to July 2009. (Table 1) A commercially available CT-based spine navigation system 
(Stryker Navigation, Freiburg, Germany; CT spine, version 1.6) was used. Indications for the 
technique included anticipated difficulties in achieving an accurate tumor resection in 
affected bone with complex anatomy (pelvis, sacrum) or the need for precision in making a 
satisfactory resection plane to accommodate a custom tumor prosthesis. Of the 21 patients, 
10 were males, 11 were females, and the mean age was 32 years at the time of surgery 
(range, 6 - 80 years). Five tumors were located in the pelvis, seven sacrum, eight femur, and 
two tibia. The primary diagnosis was primary bone tumors in 16 (4 benign, 16 sarcoma) and 
metastatic tumors in two. The minimum follow-up was 14 months (average, 32.5 months; 
range, 14 – 49 months). No patient was excluded or lost follow-up in this series. 
Preoperative CT and MRI examination of each patient were performed. Axial CT slices of 
0.0625mm or 1.25mm thickness and various sequences of MR images in Digital Imaging and 
Communications in Medicine (DICOM) format were obtained. The imported image data 
sets were then reformatted into axial, coronal and sagittal views in the navigation system. 
CT and MR images for 22 cases were fused using the navigation software (Fig.1). Navigation 
system (Stryker Navigation, Freiberg, Germany, CT spine, version 1.6) was used for first 
eight patients while (Stryker Navigation; iNtellect Cranial, version 1.1) for the rest. PET 
images were also incorporated into the CT-MR fused images for two patients who had local 
recurrence following previous surgery and radiotherapy. The process of fusing multimodal 
image datasets had been described (Wong KC et al., 2008). A three-dimensional (3-D) bone 
model was created by adjusting the contrast level of the CT images. Tumor extent was 
defined and its volume was extracted from MR images. As different image datasets shared 
identical spatial coordinates after image fusion, segmented MR tumor volume was 
integrated into the CT reconstructed 3-D bone model. A 3-D bone tumor model was 
generated. All the reconstructed two-dimensional (2-D) and 3-D images were used for 
preoperative surgical planning. The plane of tumor resection was defined and marked using 
multiple virtual screws sited along the margin of the planned resection. We also integrated 
the computer-aided design (CAD) data of custom-made prostheses provided by the 
manufacturer (Stanmore Implants Worldwide Ltd, Middlesex, United Kingdom) in the final 
navigation resection planning for eight cases (Fig.1).  
Preoperative tumor resection and prosthetic reconstruction was virtually simulated in two 
patients in the later part of the study by using a commercially CAD software, MIMICS® 
(Materialise’s Interactive Medical Image Control System, Materialise, Ann Arbor, MI) that 
converts DICOM data into a proprietary format. The surgical plan of tumor resection and 
CAD prosthesis reconstruction in MIMICS format were back converted to CT data sets in 
DICOM format. Both original CT data sets and virtual surgical planning CT data sets were 
fused in the navigation software. The data sets of the fused images were then imported back 
into a CT-based navigation system (Stryker Navigation, Freiberg, Germany; CT spine, 
version 1.6) for resection planning. The navigation system was toggled to display the CT 
data sets with virtual surgical plans. Virtual markers (pedicle screws in CT spine navigation 
software) were then placed along the plane and orientation of planned tumor resection. 
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Table 1. Demographic data for 22 cases in 21 patients. *Navigation planning time included 
time required for performing image fusion, creating 3-D bone tumor models and planning 
of intended resection; +MSTS = Musculoskeletal Tumor Society score. The score was 
obtained at the end of study period. For those patients who died during the study period, 
we took the maximum score that the patients could achieve following their operations 
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Fig. 1. (A) A coronal section of the CT images with incorporation of CAD prosthesis for 
Patient 16 with right distal femur parosteal osteosarcoma is shown. Conversion of CAD data 
of custom prosthesis to DICOM format was made possible using CAD software (MIMICS® - 
Materialise’s Interactive Medical Image Control System). This allowed direct use of CAD 
data for navigation planning of tumor resection. The central cross represented the virtual 
marker (pedicle screw in the CT spine navigation software) that marked one of the locations 
of intended bone resection. (B) A sagittal section of the MR images showed the extent of the 
tumor. (C) A axial section of CT / MR image fusion at the intended resection of distal femur 
is shown. (D) A 3-D bone tumor model reconstructed from CT and MR image data sets is 
shown. The tumor volume was red in color. By analyzing the 2-D CT / MR fused images 
and 3-D model, a joint-saving resection with multiplanar osteotomies were planned at distal 
femur and intended bone resections were marked with virtual screws. The more precise the 
bone resection was, the greater number of virtual screws was needed to define the plane of 
resection 
At the actual surgery, a dynamic reference tracker was attached to the bone in which the 
tumor was located. An image-to-patient registration to match precisely the operative 
anatomy and preoperative virtual CT images was performed by paired points and surface 
points matching. The navigation software calculated the registration errors which indicated 
any mismatch between preoperative CT images and the patient’s anatomy (Fig.2). We next 
calibrated the navigation probe and operative instruments (drill, bone burr or diathermy) 
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mounted with navigation trackers to the navigation system. This allowed the real-time 
tracking the spatial location of the tip of these instruments in relation to the patient’s 
anatomy on the virtual preoperative images (Fig.3). The anatomic locations of virtual 
pedicle screws were identified and intended resection level and plane was marked using 
navigated tools. An oscillating saw or osteotome was used to make the osteotomy and the 
tumor was removed en-bloc. Skeletal defects were reconstructed using custom-made pelvic 
prostheses in two cases, custom-made joint-saving intercalated prostheses in six, modular 
proximal femur prosthesis in one, and a vascularized fibular graft in one. No reconstruction 
was required for twelve cases. Postoperative CT images for Patients 10, 14 and 15 were 
obtained and the achieved positions of custom prostheses were merged with their 
preoperative navigation plans. The workflow for the technique of CATS was summarized in 
Figure 4.  
 
 
Fig. 2. (A) Coronal, (B) sagittal, (C) axial sections of CT/MR fused images and (D) 3-D bone 
tumor model for Patient 9 with left distal femur osteosarcoma are shown. After performing 
image-to-patient registration using paired points and surface matching at the surgery, we 
assessed the real-time matching between operative anatomy and the virtual images by 
running the registration probe on bone surface or by checking some anatomic landmarks. 
The registration was judged to be accurate and acceptable for subsequent navigation 
procedure as the tip of navigation probe matched well with the cartilage surface of distal 
femur 
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Fig. 3. (A) Coronal section of CT image, (B) sagittal and (C) axial sections of CT/MR fused 
images, and (D) 3-D bone tumor model for Patient 12 with recurrent mesenchymal 
chondrosarcoma of sacrum are shown. The patient had two previous operations and 
posterolateral fusion between lower lumbar spines and iliac crest. The tip of navigation 
probe was pointing at the location where previous laminectomy was performed at L5 level. 
Intraoperative navigation helped surgeons to identify with confidence the structures and 
intended bone resections in patients with distorted anatomy from their tumors or previous 
operations 
We determined the results of CT-MR image fusion for CATS with the help of a navigation 
system by evaluating the: (1) additional information not seen on conventional images that 
was obtained for preoperative surgical planning; (2) the accuracy as registration error 
obtained intraoperatively that was defined as the average deviation between the same point 
in the preoperatively acquired navigation image and the actual patient’s anatomy; (3) the 
accuracy of executing surgical plan as determined by comparing the cross sections at the 
resection plane and their preoperative navigation planning, assessing the fit of the custom 
prostheses to the remaining bone at the surgery, and assessing the histology of resection 
margins in all malignant tumor specimens. We did not validate the resections for Patients 4, 
8 who had intralesional or marginal excision of their benign tumors and Patients 11, 12, 
13,18 and 19 as their resection planes were irregular or curved; (4) time required for 
navigation planning; (5) time required for operative set-up and execution of the navigation 
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procedures; (6) complications and local tumor recurrence; (7) functional outcome was 
assessed using the Musculoskeletal Tumor Society (MSTS) score in patients with limb 
salvage surgery (Enneking WF et al., 1993). 
 
 
Fig. 4. The workflow of Computer-Assisted Tumor Surgery (CATS) used in the study is 
shown 
3. Result 
All tumor resections could be carried out as planned under navigation guidance. Navigation 
software enabled surgeons to examine all fused image datasets (CT / MRI / PET scan) 
together in two spatial and three spatial dimensions. It allowed easier understanding of the 
exact anatomical tumor location and relationship with surrounding structures. 
Intraoperatively, image guidance with the help of fusion images, provided precise visual 
orientation, easy identification of tumor extent, neural structures and intended resection 
planes in all cases. The bone resection could be precisely planned and executed in terms of 
exact level and orientation, according to the pre-defined tumor volume and data of custom 
prosthesis. For Patient 14 and 16, incorporation of data of CAD custom prostheses in the 
resection planning enabled multi-planar osteotomies and precise fit of CAD custom 
prostheses (Fig.5,6).  
The resection achieved was as planned in 15 cases that were validated either by comparing 
the dimensions at the resection plane of resected specimens with that in the surgical 
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navigation planning or merging postoperative with preoperative CT images (Fig.7). 
Histological examination of all resected specimens in patients with malignant tumors 
showed a clear tumor margin.  
 
 
Fig. 5. (A) A joint-saving, CAD custom prosthesis in Patient 14 with low grade 
chondrosarcoma of left proximal femur is shown. (B) An antero-posterior view of plain 
radiograph of hip at postoperative one year is shown. The computer navigation technique 
allowed precise surgical planning, tumor resection and an accurate fit of a CAD custom 
prosthesis. (C) A specially designed custom prosthesis is shown. Additional extracortical 
plates and screw at femoral head offered excellent fixation and stability for the 
reconstruction. Hydroxyapatite that could facilitate osseointegration was coated at the 
surface of all bone-implant junctions of the prosthesis 
We found the technique was particularly useful in pelvic, sacral tumors, joint-saving 
intercalated tumor resection and fitting of CAD custom-made prostheses. 
The mean time for preoperative navigation planning was 1.85 hours (1 to 3.8). The mean 
time for intraoperative navigation procedures was 29.6 minutes (13 to 60). The time 
increased with case complexity but lessened with practice. The mean registration error was 
0.47mm (0.31 to 0.8). The virtual preoperative images matched well with the patients’ 
operative anatomy. A postoperative superficial wound infection developed in Patient 6 with 
sacral chordoma that resolved with antibiotic whereas a wound infection in Patient 11 with 
sacral osteosarcoma required surgical debridement and antibiotic. After a mean follow-up of 
32.5 months (14 to 49), five patients died of distant metastases. Three out of four patients 
with local recurrence had tumors at sacral region. Three of them were soft tissue tumor 
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recurrence. The mean functional MSTS score in patients with limb salvage surgery was 28.3 
(23 to 30). All patients (except one) with limb sparing surgery and prosthetic reconstruction 
could walk without aids.   
 
Fig. 6.  (A) A joint-saving, CAD custom prosthesis in Patient 16 with right distal femur 
parosteal osteosarcoma is shown. With navigation planning, multiplanar osteotomies at 
distal femur was possible to allow joint-saving intercalated resection. The intended resection 
preserved soft tissue attachment (femur condylar insertion of cruciate ligaments and lateral 
collateral ligaments insertion) to the distal remaining bone. It allowed sufficient blood 
supply to the small bone segment. (B) An antero-posterior view of plain radiograph at 
postoperative one year is shown. Bone formation was present at the bone-implant junctions. 
The distal bone segment was viable without evidence of osteonecrosis. (C) A specially 
designed custom prosthesis is shown 
4. Discussion 
CT and MRI are complementary preoperative imaging investigations for planning complex 
musculoskeletal bone tumors resection and reconstruction. Conventionally, tumor surgeons 
analyze 2-D imaging information, mentally integrate and formulate a 3-D surgical plan. 
Difficulties are anticipated with increase in case complexity and distorted surgical anatomy. 
Although computer-assisted surgery has been widely used in cranial biopsies and tumor 
resection, only small case series with early experience are recently reported in the field of 
musculoskeletal tumor surgery. By including more patients with longer follow-up period in 
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the study, we investigated the results of image fusion for CATS in musculoskeletal oncology 
with the help of a navigation system. 
 
 
Fig. 7. Postoperative CT images were merged with preoperative planning for (A) Patient 10, 
(B) Patient 15 and (C) Patient 14. The achieved position (yellow colour) of a custom 
prosthesis could be compared to that of planned (silver color). The comparable position 
between the achieved and planned suggested that CATS might improve the surgical 
accuracy of tumor resection and reconstruction with CAD custom prosthesis 
MRI based navigation has been described if fucidual markers for registration are implanted 
prior to MRI scanning (Kim JH et al., 2010). However, an additional operation for inserting 
markers is necessary. The operation is also difficult via a small wound access under local 
anaesthesia, in particularly if the involved bone is deep and covered by thick soft tissue.  
Our results showed that accurate image-to-patient registration of error < 1mm was feasible 
and reproducible in CT-based navigation. It was adopted for computer-assisted bone tumor 
surgery. Fusing multimodal images (CT / MR) could provide additional information 
besides bone information from CT images. 
A study had investigated the surgical accuracy of an experienced surgeon in performing a 
pelvic tumor resection with 1-cm surgical margin (Cartiaux O et al., 2008). Authors reported 
that the surgeon could achieve 1-cm surgical margin (±5mm) in a probability of only 52%. 
The difficult pelvic anatomy and its complex geometry might contribute to the inaccuracy. 
Our results showed that image fusion and CATS technique allowed better surgical planning, 
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improved intraoperative visualization and determination of intended resection. In this 
study, the registration error of < 1mm and the achieved resection comparable to planned 
resection suggested that surgeons should have a higher chance of reproducing their surgical 
plans and enhancing the accuracy of bone tumors surgery. This detailed and interactive 
image analysis is particularly helpful in difficult pelvic, sacral, or joint-saving bone tumor 
resections.  
Currently assessing resection margins intraoperatively is possible by means of frozen 
section. If it is positive, they can be regarded as a guide to additional resection.  When it is 
negative, they add no information about the distance from the tumor. Our results suggested 
that we could validate the clear margin and quantify the distance from the tumor 
boundaries by means of images navigation guidance following tumor resection at the 
surgery. 
Reports have described the use of computer navigation in joint-saving tumor resection (Cho 
HS et al., 2009; Wong KC et al., 2007; Wong KC et al., 2008). We also found that the CATS 
technique enabled us to perform accurate joint-saving tumor resection and precise fit of 
CAD custom prostheses for Patient 5, 7, 9, 14, 16, 20 which would not have been possible 
without an accurate guide to the plane of intended resection. In Patients 14, 16, intended 
resection was not restricted to an osteotomy along a single plane and multiplanar 
osteotomies were possible around bone tumors. It could maximally preserve the adjacent 
normal tissue for subsequent bony reconstruction but yet achieve adequate surgical margin. 
The technique therefore might facilitate an accurate fit of a CAD custom prosthesis to a 
skeletal defect with complex geometry. We believe that the technique with similar workflow 
is feasible for various types of allograft reconstruction in musculoskeletal tumor surgery 
(Muscolo DL et al., 2006). It has great potential for allograft selection in bone bank by CT-CT 
image fusion; transepiphyseal resection intercalary allograft reconstruction; or 
hemicondylar allograft reconstruction, etc.  
Although CAD/CAM software allows surgeons to perform virtual surgical simulation with 
the preoperative image data sets, it still relies on surgeons’ experience to implement the 
exact surgical planning at the time of surgery. The difficulty increases with complexity of 
cases. Commercially available surgical navigation systems only accept medical imaging data 
in DICOM format and do not offer complex surgical simulation on these data. On the other 
hand, CAD/CAM software can import medical imaging data in DICOM format for virtual 
manipulation. However, the surgical simulation in its proprietary format of the software is 
incompatible for direct use in surgical navigation system. We find that image fusion of both 
the original CT data sets and virtual surgical plan data sets (CAD format is back converted 
to DICOM format by MIMICS software) can enhance the capacity of surgical navigation in 
executing virtual surgical plans. For surgical planning of musculoskeletal tumors, image 
fusion of virtual CT data sets with custom prosthesis and original CT data sets allow 
accurate planning of resection planes and thus precise fitting of custom tumor prosthesis to 
the residual bone segment after tumor resection. Therefore, image fusion may enable 
surgeons to precisely execute complex virtual surgical simulation with any CT-based 
surgical navigation system at the time of actual surgery.  
Four patients developed local recurrence and three of them were located at sacral region in 
this study. The higher chance of recurrence in these patients might be explained by the fact 
that the nature of the tumor itself; they all had large soft tissue extraosseous tumor extension 
and two of them were operated as recurrent cases. Although CATS could help visualize and 
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plan the surgery, navigation by itself could only assist and guide the final bone resection at 
the surgery. Surgeons still adopted conventional technique in soft tissue. 
During navigation surgery, surgeons have to look at virtual preoperative images on the 
screen and cannot simultaneously look at the operative site and screen, which can be a 
source of surgical errors. Other potential sources of navigation errors may include 
displacement of patient’s dynamic reference tracker, changes of the operative anatomy in 
relation to the preoperative image data, incorrect calibration of navigation tools, surgeons’ 
perception inaccuracies or hand tremor, etc. Therefore, surgeons should have full 
understanding of the principles and possible errors of the computer technology, so to avoid 
misinterpretation of navigation information for their operations. Procedural and surgical 
skill training is necessary for optimal and correct use of the technique. 
Limitations of this study include patients with heterogeneous diagnosis, the lack of control 
subjects to make a comparative assessment of clinical results. The potential benefits of the 
CATS technique in improving surgical accuracy may not imply good clinical results in terms 
of better patients’ survival and reduced local recurrence. The small study size, 
nonrandomized and the early results may not allow us to confirm the value of using this 
technique, which requires additional financial investment and effort when compared to 
conventional technique. Without well conducted clinical trials with larger sample size, the 
utility of the CATS technique may not be realized. 
6. Conclusion 
Our study suggests Computer-Assisted Tumor Surgery (CATS) with image fusion offers 
advanced preoperative 3-D surgical planning and supports surgeons with precise 
intraoperative visualization and identification of intended resection for pelvic, sacral 
tumors. It enables surgeons to reliably perform joint sparing intercalated tumor resection 
and accurately fit CAD custom-made prostheses for the resulting skeletal defect. Long-term 
clinical studies and basic studies of navigation errors are necessary to confirm its value in 
musculoskeletal tumor surgery.  
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